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Metal matrix composites (MMC) are one of the advanced materials widely used for aerospace,
automotive, defense, and general engineering applications. MMC can be tailored to have
superior properties such as enhanced high-temperature performance, high specific strength and
stiffness, increased wear resistance, better thermal and mechanical fatigue, and creep resistance
than those of unreinforced alloys. To fabricate such composites with ideal properties, the
processing technique has to ensure high volume fraction of reinforcement incorporation,
uniform distribution of the reinforcement, and acceptable adhesion between the matrix and the
reinforcing phase without unwanted interfacial reactions which degrades the mechanical
properties. A number of processing techniques such as stir casting/vortex method, powder
metallurgy, infiltration, casting etc. have been developed to synthesize MMC employing a
variety of alloy and the reinforcement’s combinations. Among these, infiltration process is
widely used for making MMC with high volume fraction of reinforcements and offers many
more advantages compared to other conventional manufacturing processes. The present paper
critically reviews the various infiltration techniques used for making the MMC, their process
parameters, characteristics, and selected studies carried out worldwide and by authors on the
development of metal ceramic composites by squeeze infiltration process.

DOI: 10.1007/s11663-016-0751-5
� The Minerals, Metals & Materials Society and ASM International 2016

I. INTRODUCTION

LIQUID metal infiltration of ceramic preform is
apparently the best suited fabrication method to pro-
duce metal matrix composite components with variety
of complex shapes having high volume fraction of
reinforcement. Infiltration is a liquid-state fabrication
method, in which a porous preform (reinforcement)
such as ceramic particles, fibers, woven etc. are impreg-
nated in a molten matrix metal, which fills the pores
between the dispersed-phase inclusions. Synthesis of
porous ceramic preform with sufficient mechanical
strength, uniform pore distribution, pore size, and
porosity level is one of the crucial steps involved in the
infiltration processing of composites.[1,2] The captivating
properties of these ceramic foams such as thermal
resistance, low density, controlled permeability, low
thermal conductivity, high surface area, and high
structural uniformity make them potential candidates
for multiple engineering applications.[3,4] Some of the

important fabrication methods for porous ceramic
foams are polymer replica techniques, gel casting, direct
foaming of suspensions, and using pore-forming agents
(PFA).[5–11] Al-, Mg-, and Cu-based alloys have been
successfully used as matrices to contrive MMCs through
liquid infiltration, as they can be easily melted and
handled in the liquid state. Difference from one infiltra-
tion method to another is based on the technique that is
used to drive the molten metal to enter the preform. The
present paper gives the state-of-art knowledge on the
various infiltration processing methods of MMCs and
their characteristics. The investigations carried by the
authors at NIIST, Trivandrum, India on infiltration
processing of the metal matrix composites using porous
ceramic preform are also described.

II. METALLIC COMPOSITES

The inclusion of high strength and modulus ceramic
reinforcements to a ductile metal matrix forms the
metallic composites having unique combination of
properties offering high resilience, high-temperature
applications compared to polymer and ceramic matrix
composites. From tribological perspective, the addition
of hard ceramic reinforcements increases the wear
resistance of the metallic matrix. Ultimate combination
of properties of MMCs depends on a number of factors
related to matrix, reinforcement, processing, and heat
treatment. Samer et al. recommended that the young’s
modulus, UTS, and maximum elongation of the com-
posite depends on the particle size of the reinforcements
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and obtained superior properties in composites contain-
ing nanoparticles (~70 nm) when compared to compos-
ites containing micrometer range particles in Al/TiC
system.[12] Formation of ductile intermetallic phases
during solidification and potential of the material to be
strengthened by precipitation are considered as distinct
advantages in metallic composites, which empower the
mechanical properties of the composite.

The properties of the MMCs are also determined by
the type and morphology of reinforcement incorporated
in the molten metal matrix-like particulates, whiskers,
continuous fiber, discontinuous fiber, etc. Aluminum,
magnesium, and titanium alloys are the most commonly
used matrix materials for MMC processing due to their
low specific gravity and those find wide range of
applications in automotive and aerospace sectors. In
metallic composites, the thermal stress caused due to
thermal mismatch between matrix and reinforcement
can be reduced from the matrix plastic deformation
phenomena.[13] Nowadays, fabrication of MMC focuses
on nanocomposites where the matrix alloys are coupled
with nanoparticle reinforcements like carbon nanotubes,
SiO2, Y2O3, SiC, Al2O3, graphene, etc.

[14,15]

III. PREFORM MATERIALS

The porous ceramic preforms contemplate as scaf-
folding, are considered to be the base of the composite
materials processed by infiltration technique. The prop-
erties of the composite depend on the strength, distri-
bution, type, and structure of the interconnected pores
in the porous body to facilitate the liquid metal
infiltration. Thus, the process parameters have to be
optimized for synthesizing quality composites. Assorted
type of fundamental works by varying the processing,
pore former (NaCl, PEG, carbon fiber, tylose), rein-
forcement (Al2O3, SiC, Si3N4), and binding agent
(aluminum, poly vinyl alcohol) have been carried out
by several investigators. However, the depth and speed
of the infiltration is influenced by the coefficient of
permeability in the preform, which alters with the
volume fraction of reinforcement. Yamanaka et al.[16]

concluded that the temperature, wettability, and the
volume fraction of reinforcement in the preform regu-
late the coefficient of permeability in the system. An
increase in the volume fraction of reinforcement reduces
the gaps and open porosity in the porous preform,
which reduces the ability of the liquid molten metal to
get penetrated. Based on the experimental studies it is
found that the permeability k of a porous preform is
directly proportional to the square of the mean diameter
of the reinforcement.[17]

k ¼ aD2; ½1�

where a is the constant which depends on the rein-
forcement morphology. Dobrzanski et al.[18] fabricated
Al2O3-based preforms using carbon fiber as the
pore-forming agent and observed the increase of per-
meability with an increase in pore former content.

The strength of the porous preform is negatively
affected by increasing the pore former content because it
increases the porosity level and by randomness in
distribution of pores. In accordance with the above
factor, nonuniform distribution of pores in the preform
will create difference in the collateral wall thickness and
cause inability to withstand localized stress concentra-
tion resulting in deformation.[19] The grain size of the
particles has great impact on the porosity hike and
strength of the preform. Increase in the grain size is
inversely proportional to the mechanical strength of the
preform owing to low diffusion on grain boundaries.[20]

The morphology of the pores in the preform depends on
the kind and type of pore former used in the system.
Raddatz et al.[21] created hollow channels in the ceramic
preform by integrating cylindrical-shaped polymer fibers
as pore-forming agent. The binding agent in the preform
plays a dual role, which imparts strength to the green
body as well as the sintered porous structure by bridging
between the particles. Moreover, the selected binder
should not pave way for the interfacial reactions with
the reinforcement and molten metallic matrix during
infiltration. Mechanical strength of the porous preform
basically depends on the kind and the type of binding
agent used for fabrication; metallic binders can be used
for partial coating on reinforcements to improve
wettability.

IV. PROCESSING TECHNIQUES

The liquid infiltration processes can be broadly
classified into two categories: (a) spontaneous infiltra-
tion and (b) forced infiltration (Figure 1). When capil-
lary action of the reinforcement phase acts as a driving
force for infiltration, the category of processes is termed
as spontaneous infiltration. In forced infiltration an
external pressure such as gaseous, mechanical, squeeze,
electromagnetic etc. are applied to the liquid matrix
phase which accelerates the infiltration of molten metal
through the preforms. The processing details are briefly
discussed here.

A. Spontaneous/Pressure-Less Infiltration

In spontaneous infiltration, the molten liquid metal
invades into the voids of the porous body without the
application of any external forces (Figure 2).[22–27] This
can be accomplished with the help of controlled tem-
perature and gas atmosphere ensuring good wetting
conditions are maintained for self-permeation.[28]

Numerous studies in pressure-less infiltration have been
carried out using Al-Si, Al-Zn, Al-Mg alloys into porous
SiC preform and however, there are some challenges
that should be tackled to develop spontaneous infiltra-
tion a very promising and industrially adaptable method.
Conventional drawback of the infiltration synthesis
method is the poor wettability between the matrix and
the reinforcement resulting from the formation of oxide
layer on the melt surface.[29] Poor wettability negatively
influences the infiltration process by slowing down the
infiltration process leading to undesirable reactions at
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the interface resulting in the formation of intermetallics
such as Al4C3 and Al3SiC4 in aluminum-SiC-based
systems.[30] Many researchers had investigated the effect
of activator content in pressure-less infiltration of metal
matrix composites.[31] Dwell time and activator primar-
ily controls the rate of infiltration. More the activation
more will be the infiltration depth. The amount of
porous areas and residual porosity also govern the
infiltration quality but this can be reduced by increasing
the activator content.[32] The wettability of preform by
liquid molten metal is an essential parameter for
processing composites by pressure-less infiltration tech-
nique. Wittig et al. suggests that the addition of titanium
in the steel matrix composites reinforced with ZrO2

particles helps in improving the wetting behavior of
liquid metal to ceramic preforms.[33] Contreras et al.
successfully infiltrated liquid magnesium into TiC pre-
forms by pressure-less technique.[34] Previous studies
suggest that the wettability can be improved by adding
3-4.7 mass percent of magnesium to the melt and also
using 100 pct nitrogen atmosphere in the furnace.

Magnesium is known to be a powerful surfactant that
accumulates oxygen from the surface of the melt and
forms MgAl2O4 spinel at the interface. The reaction
results in attenuating the oxide layer and acts as driving
force to promote wetting.[35] Schiroky et al. reported the
PRIMEX� pressure-less infiltration process of SiC and
alumina infiltration by Al-Mg alloy. During the pres-
sure-less infiltration process, the Mg in the Al-Mg alloy
at 800 �C vaporizes and reacts with the nitrogen gas
used as atmosphere for the process to form Mg3N2 and
deposits on the reinforcement surface. During alu-
minum alloy infiltration, Al reacts with Mg3N2 to form
AlN and Mg which promotes better wetting with the
reinforcement.[36] Even though, the primary motive for
the use of nitrogen during infiltration is the prevention
of Al alloy oxidation it aids in reinforcement wetting
also. The effective chemical reaction between the con-
stituents in the molten metal and trapped gases in the
porous preform causes pressure drop in the preform and
thereby improves the ease of molten metal penetration.
Nake et al. studies the spontaneous infiltration mecha-
nism of Al-Si-Mg alloy on SiC preform with the
addition of Fe2O3 in the preform as additives to improve

wettability. The pressure reduction in the preform
improves the suction of the molten metal which helps
to break the oxide film present at the interface between
the metal and the preform (Figure 3) formed due to the
reaction between the molten metal and the adsorbed
moisture at the infiltration front.[37]

Generally, the wetting system of solid by a liquid is
stipulated by contact angle (Figure 4) and the contact
angle, h, at the solid, liquid, and gas/vapor is related by
the Young–Dupre’s equation.[38]

clvcosh ¼ csv � csl; ½2�

where clv, csv, and csl are the liquid metal surface ten-
sion, surface energies of solid/vapor and solid/liquid,
respectively. The molten metal will wet the solid pre-
form, if csv> csl, that is, when h< 90 deg. Similarly, if
the above process is reverse in the case of nonwetting
system a minimum pressure (threshold pressure) is to
be exerted for infiltration. As stated by Darcy’s law,
the infiltration rate of molten metal into porous pre-
form is[39]

m ¼ k

l
dp

dx
; ½3�

where m is the flow rate, k is the permeability which
depends on the shape and sizes of the interconnected
channels through which the molten metal flows, l is
the viscosity of the molten metal, p is the pressure
(capillary pressure for spontaneous) correlated with
the size and shape of the pores that are in contact with
the molten metal, and x is the infiltration distance.
Surface modification of reinforcements is also an effec-
tive method to circumvent interfacial reactions and
enhance wetting. Treatments include metallic coatings
like Cu, Ni, Zn, Ag, Si etc. and high-temperature
treatment, for example, of SiC leads to the formation
of very stable surface layer of amorphous silica.[40,41] It
has also been reported that the coating of K2ZrF6,
ZrO2, and Na2O in the fillers helps pressure-less infil-
tration.[42–44] Continual investment and further process
optimization can ensure spontaneous infiltration tech-
niques to remain an attractive technique to synthesize
composites in the time to come.

Fig. 1—Classification of infiltration process for the fabrication of metal matrix composites.
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B. Forced Infiltration

The infiltration process in which the aid of an external
pressure or mechanical force governs the infiltration of
liquid metal into the porous reinforcement is called
forced infiltration. Poor wetting between the molten
metal and porous structure can be overcome by endow-
ing mechanical energy to force the metal into the porous
preform. There are various types of forced infiltration
methods and these are described below.

1. Gas pressure infiltration
An infiltration process in which pressurized gas

(Figure 5) is used as driving force for the penetration
of molten metal into the porous body. Gas infiltration
process is normally carried out in combination with
vacuum at the other end of the preform to get rid of
entrapped air to facilitate easy penetration at lower gas
pressures.[45] Qi et al. suggests that the antipressure of
gas in the porous preform significantly slows down the
rate of infiltration, which increases with increase in
infiltration depth and the temperature. As a result high
pressure is needed for complete infiltration of molten
metal, hence, antipressure of gases is to be considered
during the analysis of threshold pressure. With the ideal
gas equation PV = nRT, the antipressure of gas can be
expressed as[46]

pg zð Þ ¼ p0TZL

T0 L� z½ � ½4�

where p0 is the pressure of gas at initial time, T0 is the
initial time temperature, L is the preform total length,
and Tz is the temperature of the gas when the infiltra-
tion attains a height z. Enhance in the infiltration tem-
perature and pressure during gas pressure infiltration
process improves the relative density of the compo-
nent, which shows an effect on the mechanical properties
of the final composite.[47] Joseph Blucher concluded
that the fabrication of MMC by hydrostatic gas pressure
infiltration holds certain advantages like low acqui-
sition cost, high operational flexibility for research
purposes etc.[48] Al alloys reinforced with Ni- and
Cu-coated chopped, unidirectional carbon fibers and
porous graphite preforms were successfully fabricated
using gas pressure infiltration technique.[49–51] Non-
coated fibers can also be used in gas pressure infiltra-
tion technique due to the short contact time of the
matrix with the reinforcement. Drawback of the gas
infiltration technique is the added cost of pressurized
gas which usually is an inert gas.

2. Pressure die infiltration
Pressure die infiltration process involves placing a

porous preform inside a solid die and applying pressure

Fig. 2—Schematic diagrams showing the working principle of spontaneous infiltration process: (a) infiltration takes place at controlled atmo-
sphere, (b) progressiveness of infiltration, and (c) final composite.
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with the help of a movable piston to allow penetration
of liquid metal in the porous preform (Figures 6(a) and
(b)). Process parameters that are optimized include
speed, die temperature, and pressure of the piston. Main
advantages of this process are low cost and ability to
fabricate components of high complexity and precision.
The deformation of preform due to the pressure of the
molten metal before and during infiltration will be high
for pressure die casting compared to squeeze casting
owing to high compression rate of preform during
infiltration. Rasmussen et al. suggests that by increasing
the volume fraction of the reinforcement leads to
stronger preform which can prevent preform deforma-
tion, but at the same time it will prohibit the ease of
infiltration.[52]

3. Centrifugal infiltration
In centrifugal infiltration process, rotational/centrifu-

gal force is used to infiltrate porous preform with liquid
molten metal. During the fabrication of composites,
porous reinforcement material is positioned inside a
mold (at the end) having an elongated runner, which
was filled with molten metal. Large rotational velocities
of the runner initiate centrifugal force with required
drive for infiltration to overcome the threshold pressure
for melt penetration and viscous forces of the molten
metal to flow in the preform. The molten metal pressure
exerted on the porous preform during centrifugal force
is given by[53]

pc ¼
1

2
qx2 L2

2 � L2
1

� �
; ½5�

where q is the density of molten metal, ¼ 2pX
60 , X is the

rotational speed in rpm, and L2 and L1 are the outer
and the inner molten metal’s level from the rotation
axis. To develop the near net shape components and
to avoid the material wastage typical centrifugal infil-
tration technique is adopted (Figure 7(a)). In order to
achieve high pressure centrifugal infiltration, a slight
modification within the same centrifugal system used
for conventional process is made by extending the
inner molten metal level L1 from the rotational axis
(Figure 7(b)). In such cases liquid metal pressure act-
ing on the preform will be given by

pc ¼
1

2
qx2L2

2 ½6�

Surface-coated and noncoated carbon short fiber
preforms were successfully infiltrated by centrifugal
process and the optimum preform preheating tempera-
ture for noncoated fiber for the smooth penetration of
molten metal is above 873 K (600 �C), whereas for
nickel-coated carbon fiber preform is 673 K (400 �C).[54]
In addition, surface pressure of the porous preform is
reduced perceptibly as the molten metal starts to
infiltrate and once when the metal gets penetrated into
the preform the pressure of the infiltrated region falls
under the threshold pressure. The adhesion between the
molten metal and the reinforcement will not get sepa-
rated due to the fall of pressure in the infiltrated zone
below the threshold pressure. However, to achieve a

Fig. 3—Schematic diagram showing the penetration of molten metal
into the SiC preform by breaking the oxide film at the interface dur-
ing spontaneous infiltration. Reprinted from Nakae et al.[37] with
permission from Springer.

Fig. 4—Schematic illustrations showing the contact angle in a (a)
nonwetting system and (b) wetting system.[38]
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complete infiltration of molten metal throughout the
porous preform, the pressure on the infiltration front
should exceed the threshold pressure.[55]

4. Lorentz force infiltration
Lorentz force infiltration process is a novel infiltration

process in which electromagnetic force is used to propel
the molten metal into the ceramic preforms. During the
process, the preform gets immersed in a liquid molten
metal which is subjected to an high-frequency magnetic
pulse. Simultaneously, eddy current persuaded in the
liquid metal gets to interact with the magnetic pulse and
develop a Lorentz body force in the liquid molten metal
causing the liquid metal to enter into the ceramic preform
at a high speed. Richard M. Andrews and Andreas
Mortensen had successfully fabricated void-free alu-
minum/Al2O3 fiber composite by Lorentz force infiltra-
tion technique. They suggested that the infiltration depth
depends on the nature and number of discharges.[56]

5. Ultrasonic infiltration
In ultrasonic infiltration process, pressure waves

generated by the ultrasonic vibration assist in the
penetration of the molten matrix material in the ceramic
preform. When ultrasonic vibration is actuated through
a horn in the liquid molten metal, acoustic cavitations

(bubbles) are originated. The air entrapped in the
porous preform and the dissolved gas in the molten
metal can become the cavitations’ nuclei. When a bubble
collapses shock wave originates close to the molten
metal resulting in infiltration process (Figure 8).[57,58]

The important process parameters considered for the
ultrasonic infiltration is ultrasonic power, hole in the
horn, and fabrication speed. Increase in the diameter of
the hole in the horn decreases the infiltration ratio due
to the depletion in the formation of acoustic cavitations
and studies show that optimum diameter of the hole is 5
mm. Studies have shown that the infiltration can be
made more effective by the addition of 2.4 mass pct
magnesium to liquid Al metal coupled with an ultra-
sonic power of 200 W. Similarly, infiltration ratio
decreases with increase in the fabrication speed, but at
the same time addition of magnesium in the molten
metal for wettability helps to increase the fabrication
speed with better infiltration ratio.[59,60] Gen sasaki et al.
studied the effect of ultrasonic vibration on the wetta-
bility during infiltration using contact angle technique of
polyester resin on glass substrate with and without
ultrasonic vibration (Figure 9). The system which
undergoes ultrasonic vibration shows reduction in
contact angle due to heavy vibration acceleration and
thereby improving wettability.[61]

Fig. 5—Schematic illustrations of gas pressure infiltration process for the fabrication of MMCs: (a) infiltration process carried out with vacuum
to remove the entrapped air in the preform to facilitate easy molten metal penetration, (b) applying pressurized gas as a driving force for metal
infiltration, and (c) final composite.
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6. Vacuum infiltration
Vacuum infiltration involves a negative pressure

infiltration in which matrix metal gets penetrated into
the evacuated preform due to the application of suction
pressure (Figure 10). Process parameters like infiltration
temperature, infiltration time, and applied vacuum

(~300 to 500 mmHg) play a crucial role in this
process.[62] Infiltration rate gets increased with increas-
ing the molten metal temperature and by applying
coating on the reinforcement, thereby reducing the
infiltration incubation period to avoid brittle interfacial
reactions.[63] Low solidification rate of the final compo-
nent during processing can be stepped up as one of the
disadvantage of vacuum infiltration which enhances the
grain growth of the matrix metal and interfacial reaction
between matrix and the reinforcement.[64] To avoid the
liquid molten metal getting into the vacuum pump by
chance during infiltration process one portion of the
connection pipe is filled with metal chips, so that the
molten metal entering into the pipe gets solidified in that
particular area without damaging the vacuum pump.
Studies have shown that Al- and Mg-based composite
materials with more than 50 vol pct reinforcement can
be successfully fabricated using vacuum infiltration
technique.[65]

7. Squeeze infiltration
Squeeze infiltration is one of the widely used methods

for the production of near net shape metal matrix
composites with close control over shape, volume
fraction, chemistry, and distribution of reinforce-
ment.[66–72] This process offers advantages over other
conventional methods for fabricating composite com-
ponents which are difficult to be machined. The process
involves the formation of porous preform as the
reinforcement and its infiltration with the molten matrix

Fig. 6—Schematic diagrams of pressure die infiltration process for the fabrication of MMCs: (a) before applying pressure to molten metal using
plunger and (b) after applying pressure to molten metal using plunger to form the composite.

Fig. 7—Schematic diagrams of (a) a traditional centrifugal infiltra-
tion process and (b) a high pressure centrifugal infiltration process.
Reprinted from Wannasin et al.[53] with permission from Elsevier
Limited.
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material under pressure (Figure 11) typically in the
range of 50-100 MPa.[22] The appropriate magnitude of
applied pressure ensures eradication of porosities,
refined microstructure, enhanced processing speed, and
termination of chemical reactions. For the development
of quality composites processing parameters of squeeze
infiltration have to be optimized.

In light of the above, the application of higher squeeze
pressure accelerates the infiltration process but leads to
crumpling or cracking of the porous preform. Numer-
ous studies regarding infiltration pressure have been
done by many researchers. Guan et al.[73] investigated
the threshold pressure and infiltration behavior of liquid
metal into the porous preform. The infiltration rate can
be improved effectively by raising infiltration pressure,
but the effect will gradually diminish with the advance-
ment in time. Increase in infiltration pressure minimizes
porosity, reduces the heat loss, and hinders the solidi-
fication of liquid metal front effectively. According to
Darcy’s law, the expression for the square of infiltration
height as a function of infiltration time and difference in
infiltration pressure of the liquid metal is[74]

h2 ¼ 2kt

l 1� Vsð Þ p� p0ð Þ; ½7�

where p is the applied pressure, p0 is the threshold
pressure for the initiation of infiltration, infiltration
time t, l is the viscosity of molten metal, vs is the

volume fraction of solid, and k is the permeability of
the porous solid. The threshold pressure p0 for infiltra-
tion can be obtained as[75]

p0 ¼ 6kclv cos h
Vs

1� Vsð ÞD ; ½8�

where k is a geometrical factor that represents the
deviations from particle/fiber shape, surface roughness,
and actual particle/fiber size distribution. The basic
governing phenomenon for the infiltration of metals,
ceramics, and polymers into the porous preforms are
fluid flow, capillarity, and the behavior of preform
deformation, which in turn are decided by preform
permeability, volume fraction of reinforcement, pre-
form stress–strain behavior, pressure-dependant satu-
ration of melt in the porous preform, and the melt
viscosity.
The strength and stability of preform during infiltra-

tion depend on the mode of fabrication of preform, type
of binder, and the reinforcement used. Reinforcements
having lubrication nature enhance the tendency of
sliding over one another thereby increasing the chance
for deformation of the preform. Similarly during the
fabrication of layered preform, equality in the stacked
layers reduces the preform compliance.[76] A new tech-
nique for the direct measurement of capillary force is by
drainage curve method through which the correspond-
ing volume fraction of the molten metal in the porous
preform as a function of applied pressure is plotted and
the method adopted is also suitable for measuring
contact angle and infiltration kinetics.[77] Higher tem-
peratures of liquid metal, preform, and die initiate
unwanted chemical reactions at liquid metal/fiber inter-
face and prolong the solidification time.[78] Delaying the
application of pressure after pouring the molten metal
above preform in the mold causes the formation of
oxide layer around the preform, which decelerates the
infiltration process.[79] Oxide inclusions, porosity and
voids, blistering, cold laps and cold shuts, and sticking
of casting with the die surface are the major casting
defects that occur in the squeeze cast process.[80]

Alhashmy et al. processed carbon fiber-reinforced alu-
minum matrix composite by squeeze infiltration tech-
nique.[81] They suggested that the inclusions can be
avoided using filters and turbulence must also be
completely avoided while pouring. Porosity can be
avoided by increasing the squeeze pressure. The main
cause for blistering is the entrapment of gas from the
melt and can be avoided by reducing the pouring
temperature and degassing the melt. Die temperature
and metal pouring temperature can be increased to
avoid cold laps and better lubrication or die coating to
avoid sticking of casting with the die surface.

V. SQUEEZE INFILTRATION OF ALUMINUM
MMC AND FGM

Squeeze infiltration processing setup for Al MMC has
been designed and developed at CSIR-NIIST. During
squeeze infiltration parameters like the design of die, the

Fig. 8—Schematic diagrams of ultrasonic infiltration process for the
fabrication of MMCs: (a) before ultrasonic vibration and (b) after
ultrasonic vibration using transducer as a driving force to penetrate
molten metal into the ceramic preform.
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preform preheating temperature, mold and molten
metal temperature, and squeeze pressure plays a vital
role for the depth of penetration of liquid metal
throughout the porous preform. Some of the highlights
of the work carried out by the authors are presented
here. Silicon carbide porous preform was made by salt
leach out technique and aluminum powder as the
binder. Porous preform was placed in a die and
infiltrated with liquid 6061 alloy. Macrograph of the
infiltrated specimen (Al 6061-50 vol pct SiC ~42 lm) and
porous preform used for infiltration process are shown
in Figure 12(a). It can be rendered from the represen-
tation that the components fabricated can also act as a
selectively reinforced composite with the eradication of

cold shuts, blistering, and other casting defects.
Microstructure in Figure 12(b) shows the uniform
distribution of SiC particles in the matrix resulted due
to the good quality of preform used and the effective
penetration of the liquid metal even in minute voids in
the preform.[82] These infiltrated composites find poten-
tial application for electronic packaging systems and
armor materials.
The emerging new generation advanced composites

are the functionally graded materials in which properties
vary along a specified direction to provide functional
performance for the components. The variation in
properties is effected through the change in microstruc-
ture and/or composition in the required direction. The
ability of these tailored materials to replace sharp
interfaces manifests in composite materials by gradient
interfaces thereby providing smooth transition from
ductile matrix metal to hard ceramic phase is an added
advantage.[83] The Squeeze infiltration is one of the
effective fabrication methods for synthesizing function-
ally graded materials. Process involves the framing of
graded porous ceramic preform with adequate intercon-
necting porosity and its infiltration with the molten
metal under pressure. The gradation in preforms can be
obtained by various techniques like the usage of graded
particle sizes for green body compaction which leads to
the formation of porosity gradient during sintering and
also by the use of graded PFA and their volume
fractions which creates porosity gradient during the
burn out of fugitive pore former while sintering.[84]

Fig. 9—Effect of ultrasonic vibration on contact angle. Reprinted from Gen Sasaki et al.[61] with permission from Trans Tech Publications Lim-
ited.

Fig. 10—Schematic diagram showing the working principle of vac-
uum infiltration process for the fabrication of MMCs.
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Figure 13 shows the macrograph and microstructure of
functionally graded Al-SiC composite developed by
squeeze infiltration method in CSIR-NIIST, India.
Macrograph depicts (Figure 13(a)) the graded sintered
porous preform (three layers) and its infiltration with Al
6061 molten metal. Microstructure description stipu-
lates the graded distribution of SiC Particles in Al 6061
matrix, starting from outer layer (Figure 13(b)) having
high volume fraction of reinforcement (low porosity) to
middle layer (Figure 13(c)) having medium volume
fraction of reinforcement (medium porosity) and ends
in inner layer (Figure 13(d)) having low volume fraction
of reinforcement (high porosity) in 12-mm-thick casting.
Figure 13(e) shows the interface region between the
aluminum 6061 molten metal and the first layer of the
preform (from inner side).[85]

VI. CHARACTERISTICS OF INFILTRATED
COMPOSITES

A. Structural Characteristics

Infiltration-processed composites have more isotropic
microstructure compared to other conventional meth-
ods due to the use of judiciously designed porous
preform as reinforcement. In preform, particles/fibers
are tightly packed with binders ensuring regular uniform
distribution of pores (pores are artificially created). The
aptness to develop complex-shaped components with
high volume fraction of reinforcement is an added
advantage to the infiltration process compared to other
systems. Wetting must be ensured to procure good
adhesion between the molten matrix material and
ceramic reinforcement especially for spontaneous infil-
tration processes. Interfacial reactions between the
metal matrix and the ceramic reinforcement highly
depend on the processing methodology. Preform and die
preheat temperature, infiltration pressure, melt pouring
temperature, and infiltration time are the major process
parameters that govern the infiltration quality. Preform
and die preheat temperatures circumvent the sudden
solidification of the melt due to lower temperature
gradient. More the infiltration time and melt tempera-
ture more will be the formation of brittle and undesir-
able phases like Al4C3 (Figure 14). Studies have
established that when these kind of components are
used in service, carbide phases present in it have the
tendency to react with atmospheric moisture to form
CH4 (flammable gas) resulting in porosity and failure of
the composite.[86] It may be noted that limited interfacial
reactions are desirable and improve the wettability
between the matrix and reinforcement thereby enhanc-
ing the mechanical properties of the composite.[87–89]

During heterogeneous bonding, process temperature
and holding time have an impact on the microstructure
of the composites prepared by pressure-less infiltration
technique. The thickness of the interfacial reaction layer
is dominated by the infiltration bonding temperature
than the holding time (Figure 15). However, decrease in
the holding time causes pores at the interface and these
pores can be limited by increasing the holding time.[90]

Matrix alloying is the most appropriate method to
enhance the interface bonding strength for continuous
carbon fiber-reinforced magnesium matrix compos-
ites.[91] The alloying elements are prone to segregation
at the interface during the solidification of composites in
the form of nanoscale compounds by reacting with
matrix or reinforcement. But high quantity of alloying
elements may slow down the infiltration rate by reduc-
ing the viscosity of the liquid molten metal.[92] Nagendra
et al. investigated the microstructures and properties of
Al2O3/Al-AlN composites by pressure-less infiltration of
Al alloys.[93] Al2O3 was chosen as the preform and liquid
aluminum in which AlN is precipitated by nitridation
process was selected as the matrix material. They
concluded that the processing temperature have a great
impact on microstructures. At higher temperature above
1273 K (1000 �C) porosity was observed in the matrix.
The presence of AlN at the interface significantly

Fig. 11—Schematic diagrams of squeeze infiltration process for the
fabrication of MMCs: (a) before the application of squeeze pressure
and (b) after the application of squeeze pressure as a driving force to
infiltrate molten metal into the preform.
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improves the hardness and elastic moduli of the com-
posite. In the study done by Zhang et al. it was reported
that in Cu/SiC composite, the increased infiltration
temperature [1698 K (1425 �C)] resulted in the melting
of sharp edges of SiC particles (Figure 16) in the
preform. The degradation of SiC leads to the releasing
of Si and C (black layer around the particle) into the
matrix metal.[94]

Warrier et al. prepared Ti MMC by rapid infiltration
process where the continuous graphite fibers are kept
inside a graphite crucible and a calculated quantity of
the matrix was placed on top of the fibers. Pressure-less
infiltration was carried out at temperatures about 50 �C
above the liquidus of the matrix in about 1-2 minutes.
Five different alloys ranging from 40 to 85 wt pct Ti
showed that the thickness of reaction zone at the matrix/
reinforcement interface was found to be increased with
increase in the titanium content in the matrix alloy.[95]

Matrix–preform interfacial reactions can also be sup-
pressed by nickel coating, SiC coating, copper coating,

pyrocarbon coating etc. on the preform material espe-
cially in the case of carbon fiber preform.[96–101]

Dobrzanski et al. concluded that the particle-reinforced
composite materials synthesized by infiltration process
exhibit higher crack resistance along grain boundaries
than fiber. The above phenomenon was attributed to the
certainty with which each and every particle will act as
an obstacle to crack growth. While considering fiber-re-
inforced composites, propagation of crack will occur
over the long distance due to the length of the fiber
without any resistance.[102]

B. Physical Properties

By decreasing the reinforcement particle size and
increasing the volume fraction, low coefficient of ther-
mal expansion composite can be fabricated especially
for electronic packaging and structural applications.
Etter et al. synthesized graphite preform-based compos-
ites with pure aluminum and AlSi7Mg alloy as matrix
by pressure infiltration technique and the composites
were thermally cycled between 333 K and 573 K (60 �C
and 300 �C) up to 1020 cycles to investigate their
response to thermal damage. The electrical conductivity
of the composites was not affected by thermal cycling,
however, it reduced the CTE of the composites because
of stress relaxation processes. Before thermal cycling,
composite with AlSi7Mg alloy as matrix shows higher
CTE than the one having pure aluminum as matrix due
to the precipitation reaction of Mg2Si phase at 473 K
(200 �C). During thermal cycling Mg2Si particles were
precipitated inside the metal phase of the AlSi7Mg-
based composites and thereby show similar CTE values
to that of pure aluminum-based composites during the
CTE measurement after thermal cycling.[103] Ren
et al.[104] investigated the effect of adding Mg and Si to
aluminum matrix on the physical properties of the SiCp/
Al composites processed by pressure-less infiltration. Si
content above 12 wt pct retards the interfacial reactions
between alloy and SiC by precipitating at the interface
(Figure 17). Formation of reaction product Al4C3

needles at the interface between the Al-SiC is observed
in Figure 17(a) without the addition of Si. Increase in
the silicon content eliminates the interfacial reaction
products thereby providing a smooth interface between
the Al-SiC composites (Figures 17(b) through (d)). Also
the addition of Si improves the thermal conductivity and
reduces the CTE of the composites. The thermal and
mechanical properties of the composites are affected by
porosities, where poor wettability between the matrix
and reinforcement can be one of the reasons behind
it.[105] The addition of Si in the liquid metal helps in
reducing the viscosity of the melt thereby improving the
wettability between the matrix and the reinforcement,
resulting in smooth penetration during infiltration.[106]

Si content less than 6 wt pct and Mg content less than 4
wt pct results in poor thermomechanical properties due
to poor wettability between matrix and reinforcement.
Formation of brittle intermetallic compound such as
Al3Mg2 is reported by the addition of magnesium more
than 4.7 by mass percent, which wanes the properties of
the final composites.[59]

Fig. 12—Images of (a) macrograph of infiltrated specimen and por-
ous preform and (b) microstructure of aluminum 6061-50 vol pct
SiC-infiltrated composite[82].
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The thermal conductivity was more influenced by the
interfacial reactions between matrix and reinforcement.
Lee et al. investigated the effect of Al4C3 formation on
thermal conductivity (TC) of carbon fiber-reinforced
aluminum matrix composites and found that there is
considerable decrease in thermal conductivity with
increase in Al4C3 formation. The main reason for
decrease in TC was the surface damages to the carbon
fibers (Figure 18) due to the growth of Al4C3.

[107] The

formation of AlN phase from the reactive infiltration of
Al/Al alloys into porous a-Si3N4 preforms shows great
impact on the thermal conductivity (TC) and CTE of the
composites. Kalemtas et al. suggests that the connectiv-
ity of reactive phases (AlN), porosity in the composite,
particle size of ceramic phase, and intrinsic properties of
the ceramic phase are some of the factors markedly
affects the TC and CTE of the composite. Nonuniform
distribution of the major phases like AlN, Si, and Al
reduces the connectivity of phases which reduces the
thermal conductivity of the material.[108] Similarly
decrease in the particle size of the ceramic phase
increases the grain boundary volume which increases
the scattering of conductive electrons leading to low
thermal conductivity of the material.[109] The CTE value
for AlN is very low and its uniform distribution in the
material reduces the usage of Al phase during the
process of thermal expansion.

C. Mechanical Properties

The mechanical properties of the composite are
determined to study the effects of the type of reinforce-
ment used, chemical composition of matrix alloy,
infiltration processing temperature, and the interfacial

Fig. 13—Images of (a) macrograph of graded preform and aluminum-SiC-infiltrated composite specimen. Microstructures of functionally graded
Al (6061)-SiCp composite produced by squeeze infiltration: (b) starting from outer layer, (c) middle layer, (d) inner layer in 12-mm-thick casting,
and (e) interface region.[85]

Fig. 14—HRTEM images of A14C3 grains as lath-type morphology.
Reprinted from Lancin et al.[99] with permission from Elsevier Lim-
ited.
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reactions. The reinforcement with finer particle size
imparts additional interface area assisting the nucleation
sites for the grain formation during infiltration process.
Obviously developed composite dispenses restrictions to
the following factors like plastic flow during deforma-
tion, grain growth during heat treatment and disloca-
tion, resulting in higher mechanical strength.[110]

Mechanical properties of the composite processed by
infiltration technique also depend on the technique
adopted for infiltrating molten metal into the preform.
Mechanical properties will be less for pressure-less and
low pressure infiltration techniques when compared to
squeeze infiltration technique, since it offers lower
infiltration time which circumvent the growth of inter-
facial reaction products. Due to the properties like
ultrahigh temperature ablation, strength retention at
elevated temperatures, excellent thermal stability, and
moderate thermal expansion, ZrC particle-reinforced
tungsten composites (ZrC/W) had gained much atten-
tion in the aerospace applications.[111] Dense ZrC/W
matrix composite fabricated by Zhao et al. under
reactive infiltration of melted Zr2Cu alloy into a porous
WC preform provides mechanical properties, which are

similar to the properties of ZrC/W composites prepared
by other processing technique like hot-pressing and
reactive sintering. ZrxCuyCz nanoparticles formed at the
grains of ZrC due to the dissolution Cu in the ZrC
matrix act as a pinning point for dislocations (Figure
19) and cracks thereby changing the direction of crack
propagation, resulting in high fracture toughness and
fracture strength.[112]

The infiltration time also plays a major role on the
mechanical properties of metal matrix composites. Tong
et al. investigated the effect of infiltration time on the
mechanical properties of the C/C-SiC composite and
found that the reaction between the infiltrated molten
metal and carbon preform is time dependent and the
preform with higher porosity shows inferior mechanical
properties (Figure 20). More the preform porosity more
will be the melt and fiber contacts and thus more will be
the interfacial reactions with an increase in infiltration
time, which will negatively affect the mechanical
strength of the composite.[113] An increased mechanical
strength can be achieved by reducing the infiltration
time thereby avoiding the formation of interfacial
phases. The flexural strength of an infiltrated composite

Fig. 15—Effect of infiltration temperature on the thickness of the interfacial reaction layer: (a) 943 K (670 �C), (b) 963 K (690 �C), (c) 983 K
(710 �C), and (d) 1003 K (730 �C). Reprinted from Chun-xue et al.[90] with permission from Elsevier Limited.
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depends more on their fiber matrix interface and
porosity. Heat treatment temperatures also have a great
influence on the flexural strength of the composites.
Higher heat treatment temperature will lead to decrease
in flexural strength and elastic modulus due to the
volatilization of residual metal.[114] Elastic modulus can
also be enhanced by increasing the Si content in the
matrix (Al) but heat treatment can provide appreciable
improvement in hardness.[115,116] The composite having
matrix material with high Cu content can provide better
elastic properties and bending strength.[117] Another
factor that adversely affects the mechanical strength is
that the preform materials contact with each other
especially carbon fiber–carbon fiber contact in the case
of carbon fiber-reinforced composites. Increase in fiber
volume fraction will lead to more and more direct fiber
contacts and thus less tensile strength.[118] In a study
done by Schlenther et al.,[119] it was reported that the
impact toughness of MMCs depends on the reinforce-
ment particle size. Finer the particle size lower will be
the impact toughness due to lower interparticle distance.
Use of coarse reinforcements will provide more inter-
particle distance leading to large interface area for good
bonding between the matrix and reinforcement, so that
crack propagation will be over the matrix material
which provides energy in the form of plastic

deformation before fracture, as a result crack branching
occurs (Figure 21). However, increase in the particle
diameter leads to increasing the possibility of particle
cracking.[120]

Additionally, several investigations suggested that
some of the intermetallic phases flourished at the
interface during infiltration process had the ability to
enhance the hardness of the composite. Sanchez et al.
inferred from their studies that during centrifugal
infiltration process, nickel coated on the carbon fiber
gets dissolved in the matrix to form Al3Ni hard
intermetallic compounds, which increase the hardness
of the system. They also concluded that the hardness of
the composite, in addition, depends on the volume
fraction of the reinforcement.[54]

D. Tribology and Corrosion Behavior

The tribological property of the composites developed
using the infiltration process is directly proportional to
the size of the particle and the volume fraction of the
reinforcement used. While considering an example,
larger ceramic particles will exhibit superior wear
resistance but inferior mechanical properties to those
containing smaller particles.[121] Zhang et al. also
studied the effect of porosity in composites prepared

Fig. 16—Microstructure of SiCp/Cu composite: (a) infiltrated at 1698 K (1425 �C) for 1 h, (b) infiltrated at 1723 K (1450 �C) for 2 h, (c) cross
section of the interface region, and (d) higher magnification of the region (c) in which SiC particles gets melted at an infiltration temperature of
1723 K (1450 �C). Reprinted from Lin et al.[94] with permission from Elsevier Limited.
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Fig. 17—Optical and TEM images of the interface between Al-SiC composite with the addition of Si: (a and A) 0 wt pct, (b and B) 6 wt pct,
(c and C) 12 wt pct, and (d and D) 18 wt pct to reduce the interfacial reactions. Reprinted from Shubin et al.[104] with permission from Elsevier
Limited.

Fig. 18—Change in the diameter of carbon fiber due to the forma-
tion of aluminum carbide: (a) before aluminum carbide formation
and (b) after aluminum carbide formation.

Fig. 19—Dislocation pinning by the intragranular nanoparticles in
the ZrC matrix. Reprinted from Yan et al.[112] with permission from
Elsevier Limited.
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by pressure-less infiltration of liquid copper into SiC
preform and found that porosity has a significant
influence on wear resistance. More the amount of
porosity less will be the wear resistance and composite
with low porosity showing remarkable wear resistance
when compared to those with higher porosity.[122] Many
investigations are already done on tribological behavior
of carbon fiber-reinforced metal matrix composites
processed by infiltration technique. The carbon fibers
are milled into very fine particles and get squeezed in
between the sliding surfaces to form a tribo-layer or a
solid lubricant layer.[123] Metal matrix composites con-
taining carbon nanotubes also exhibit better wear
resistance properties and the composite shows decreas-
ing effect of wear rate with increase in CNT volume
fraction.[124] Chang et al.[125] studied the wear behavior
of composites processed by infiltrating Al-8 pct Mg into
Al2O3 preform and found that the wear behavior is
governed by foam density and cell size of preform
(Figure 22). Composite with lower foam density shows
more wear rate when compared to that with higher foam

Fig. 21—SEM images of the composite showing: (a) crack propagate through particle, (b) plastic deformation in the matrix zone, (c) good inter-
facial bonding between the particle and the matrix due to interparticle distance, and (d) Severe crack propagation without any plastic deforma-
tion in fine particles or agglomerated zone due to lower interparticle distance. Reprinted from Schlenther et al.[119] with permission from Elsevier
Limited.

Fig. 22—SEM images of (a) Al2O3 prefrom having 15 pct density with ~50 to 100 lm cell size and (b) Al2O3 prefrom having 27 pct density with
~150 to 200 lm cell size. Reprinted from Hong et al.[125] with permission from Elsevier Limited.

Fig. 20—Flexural strength of C/C-SiC composites prepared in differ-
ent infiltration time. Reprinted from Yonggang et al.[113] with per-
mission from Elsevier Limited.
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density due to the increase in the contact area of the
infiltrated matrix with the counter disk during sliding
(Figure 23(a)). Increasing the cell size of the preform
forms large ridges of Al2O3 (Figures 23(b) and (c))
throughout the composite, which prevents the direct
wearing of matrix alloy by counter surface.

Dobrzanski et al.[126] stated that increase in volume
fraction of the reinforcement in composite materials
improves the general and pitting corrosion resistance.
The higher volume content of the reinforcement phase
(surface of the part undergoing testing) does not allow
the current to conduct thus retarding electrochemical
corrosion. The formation of intermetallic phases during
processing, alloying element in the matrix, volume
fraction, and the type of reinforcements are the pivotal
features affecting the corrosion properties of the com-
posite. The brittle intermetallic phases like Mg2Si can
have the tendency to act as anodic region to the matrix
leading to the catastrophic localized corrosion. Escalera
et al. studied the corrosion behavior of hybrid SiC/fly
ash composites infiltrated with Al-8Si-15Mg and
Al-3Si-15Mg (wt pct) as matrix alloys. The composite
infiltrated with Al-8Si-15Mg results in the formation of
Mg2Si precipitation, which leads to the degradation of
materials (Figure 24) due to the aggressive localized
corrosion when exposed to ambient atmosphere
for certain period. The composite infiltrated with
Al-3Si-15Mg reveals no physical degradation even when
exposed to humid environment for long duration

(Figure 25) due to the termination of Mg2Si phase, as
the silicon content was low enough for the precipita-
tion.[127] At the same time, some studies show that the
reinforcement with small mean diameter and addition of
Mg in matrix metal during pressure-infiltrated compos-
ite enhances the corrosion resistance of the material
when exposed to longer duration in NaCl. The forma-
tion of reaction products like Mg2Si at the intersection
of the reinforcements blocks the continuity of the metal
matrix in the inner side of the developed composite
through which the pitting during corrosion propagates
and the concentration of interfacial reaction products in
smaller reinforcements will be high due to their
increased surface area contact with the melt.[128–130]

The studies on corrosion behavior of infiltrated com-
posites have shown varying nature of corrosion resis-
tance by different investigators. Hence a detailed
investigation is further necessary to generalize the
corrosion nature.

VII. APPLICATIONS

Recognizing the ability of liquid metal infiltration
processes to assist in the further development of MMC
components for aerospace, automotive, defense, elec-
tronics packaging, and in general engineering sectors,
significant extent of research work is being carried out
worldwide. Aluminum matrix composites with high

Fig. 23—SEM images of worn out surface of infiltrated composite developed from (a) Al2O3 preform having 15 pct density with ~50 to 100 lm
cell size and (b and c) Al2O3 preform having 27 pct density with ~150 to 200 lm cell size. Reprinted from Hong et al.[125] with permission from
Elsevier Limited.
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volume fraction ceramic particles synthesized by infil-
tration process find potential application as integrated
heat sinks and microprocessor lids in electronic pack-
aging.[131] Properties like high thermal conductivity and
low thermal expansion coefficient make aluminum
nitride (AlN)-reinforced aluminum matrix composites

suitable for substrate and packaging applications in
microelectronic sector. Low coefficient of thermal
expansion makes the composite suitable for lightweight
structural parts and heat sink applications.[132] Elec-
tronic packaging components with high volume fraction
of reinforcement used in thermal management applica-
tions minimize the thermal stresses generated by the
thermal expansion mismatch between them by dispelling
the heat induced from the semiconductor.[133] The
automotive industry has successfully implemented liquid
metal infiltration technique to develop components like
pistons,[134] clutch disk,[135] engine blocks with integral
MMC piston liners,[136] etc. by Al/SiC and Al/Al2O3

composites (Figures 26(a) through (c)). The potential
automotive components fabricated using infiltration
processes are given in Table I.
Honda manufactures have developed aluminum

engine block using cylindrical hybrid preform of short
alumina and carbon fibers by squeeze infiltration

Fig. 25—SEM micrograph of composite infiltrated with Al-3Si-15Mg
as alloy after exposure for 11 months in humid environment. Rep-
rinted from Escalera et al.[127] with permission from Elsevier Lim-
ited.

Fig. 24—SEM micrographs of composite infiltrated with Al-8Si-15
Mg as alloy: (a) after processing and (b) after exposure to ambient
atmosphere for 1 month. Reprinted from Escalera et al.[127] with per-
mission from Elsevier Limited.

Fig. 26—(a) Diesel engine piston selectively reinforced at the top ring groove area by infiltration process,[134] (b) automotive clutch disk manu-
factured by preform infiltration of aluminum using High Pressure Die Casting (HPDC),[135] and (c) cross section of Honda engine block with
integral MMC piston liners fabricated by infiltration process. Reprinted from Campbell[136] with permission from ASM International.
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process thereby replacing the commercial cast iron
engine blocks thus providing weight reduction and
higher performance.[137] Coal/lignite fly ash-reinforced
aluminum matrix composite made by pressure infiltra-
tion technique is a prime material for wear applica-
tions.[138] AlSi7Mg with 20 volume percentage SiC
particles, liquid AlSi9Mg alloy infiltrated in Al2O3

preform by squeeze infiltration are quite worthy for
brake disks and piston head of internal combustion
engine, respectively.[139] Short alumina fiber-reinforced
aluminum matrix composites processed by squeeze
infiltration technique is widely used in pistons.[131]

Molten metal infiltration of particle-reinforced alu-
minum matrix composites such as B4C, SiC, TiC,
TiB2, Al2O3 etc. are successfully used as components
in opto-mechanical assemblies and aerospace applica-
tions. Boron carbide, because of its high hardness and
other magnificent mechanical properties like low

density, high impact and wear resistance, excellent
resistance to chemical agents, high melting point, and
high capability for neutron absorption, finds application
in structural neutron absorber, substrate material for
computer hard disk, and as armor plate materials. It is
tough to fabricate dense B4C materials for industrial
applications because of its high sensitivity to brittle
fracture. This problem can be overcome by the fabrica-
tion of B4C-reinforced aluminum matrix composites by
infiltration process. For example in the case of neu-
tron-shielding applications aluminum matrix provides
fracture toughness and strength to the composites while
boron carbide absorbs neutron.[140] AMC with 40 vol
pct SiC particles is used as flight control hydraulic
manifolds and the aerospace application further extends
to fuel access cover door, ventral fins, fan exit guide
vane in the gas turbine engine, rotating blade sleeves in
helicopters, etc. Particle-reinforced aluminum matrix
composites also show their ingenuity in developing
braking system of trains and cars and it also find
extensive automotive applications such as gear parts,
valves, crankshafts, and suspension arms.[131] Table II
summarizes the major industries producing components
by infiltration process.[141]

VIII. CONCLUSIONS

Liquid metal infiltration of ceramic preform is an
effective technique to fabricate MMCs and FGM than
other conventional techniques. They offer the advan-
tages like formation of near net shape components, high
volume fraction, and uniform distribution of the rein-
forcement in the liquid matrix phase. Effective liquid
metal infiltration in the predesigned preforms can be
realized through techniques such as spontaneous infil-
tration, gaseous infiltration, squeeze infiltration, and
vacuum infiltration for the successful fabrication of
MMC and FGM components. These techniques have
been successfully utilized worldwide and also in
CSIR-NIIST, Trivandrum, India to make high-quality
Al alloy matrix composites and FGM using carefully
optimized process parameters. Composites exhibiting
high level of homogeneity in reinforcement distribution,
dense and pore free microstructure have been success-
fully synthesized for industrial applications. As the
processing parameters vary from system to system, there
is a wide scope to optimize these parameters for different
matrix materials and preforms and efforts are on that
direction. New engineering components which require
higher reinforcement content with better thermal and
wear resistance properties and also requiring loca-
tion-specific properties can be developed by infiltration
techniques.
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Table II. The Major Companies Producing Components by

Infiltration Process
[141]

Sl. No. Industries Manufacturing MMC by Infiltration

1. 3M Company, Specialty Fibers and Composites
(www.3M.com/mmc)

2. CPS Technologies
(http://www.alsic.com/)

3. Ford Motor Company
(www.ford.com)

4. General Motors
(www.gm.com)

5. Honda Motor Company, Ltd, Japan
(www.honda.com)

6. M-Cubed Technologies, Inc
(www.mmmt.com)

7. Mazda Motor Corporation, Japan
8. Metal Matrix Cast Composites (MMCC)

(www.mmccinc.com)
9. Motorola, Inc

(www.motorola.com)
10. Porsche, Germany

(www.porsche.com)
11. Toyota Motor Corporation, Japan

(http://www.toyota.com/)
12. Triton Systems Inc

(www.tritonsys.com)
13. Thermal Transfer Composites, LLC

(http://www.thermaltc.com/)

Table I. Aluminum-Infiltrated Components Developed and
Used in Automobiles

Composite System Automotive Component Manufacturer

Al-Alumina(f) diesel engine piston Toyota
Al-Al2O3(sf)-C(sf) engine Honda
Al-FP(CF) connecting rod Du-pont
Al-SUS(CF) connecting rod for petrol

engine
Honda

Al-SiC(W) diesel engine piston Niigata
Al-SiC(w) connecting rod Nissan
Al-Alumina(f) piston ring grove Toyota
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